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Abstract 
This study focuses on disassembly and separation processes of recycling of used electronic products. In the previous study, the authors have 
proposed a concept of remote recycling. The concept can replace manual disassembly and reduce the recycling cost, by carrying out the operation 
from where labor is relatively inexpensive and sufficient. As a typical electronic product, the paper takes mobile phone as an example and 
evaluates characteristics in separating valuable metals from used products to examine the feasibility of the concept. It is said that most of the 
valuable metals of the used electronics are contained in Printed Circuit Board (PCB). Experiment results showed that metals such as FeˈCuˈ
AlˈCrˈNi and Mg were much more concentrated in roughly crushed and visually separated particles than in manually disassembled PCB. 
Thus, the paper concluded that visual separation of valuable metals is possible, and this result will be a first step towards implementation of 
remote recycling. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Material recycling of small-sized e-waste is an emerging 
issue in Japan, since recently the legislation to expand the target 
of recycling to small-sized EEE was enforced. It is well-known 
that some electronic products contain considerable amount of 
valuable metals. Such used products are often called urban mine 
[1]. As the total amount of valuable metals contained in small-
sized e-waste, sometimes it reaches a few % of total 
consumption in Japan [2]. However, one of the serious 
problems of small-sized e-waste recycling is that value of 
materials recoverable from used products is not enough to cover 
the recycling cost [3]. In the legislation, unlike the large-sized 
e-waste, recycling fees are not taken from consumers. Thus, the 
recycling social system which means collection, transport, 
disassembly, metal recovery in some ways, etc. should be self-
profitable. Or, no one will engage in such recycling industries. 
In the recycling system of small-sized e-waste, one of the keys 
is that the valuable materials are scattered in huge number of 
use products, and usually are not easy to collect. Plus, in order 
to operate the recycling system efficiently, it is necessary to 
concentrate metal compositions. Then, it is possible to reduce 
the amount of non-valuable materials to be treated in the 
system. In practical recycling process, manual disassembly is a 
suitable process to enhance quality of recycling, which means 
that it can enrich the metal concentration efficiently. However, 
the labor cost of manual disassembly is one of the largest 
problems. To reduce the recycling cost, the authors have 
already proposed the concept of remote recycling in 2008 and 
noticed that the concept is suitable for small-sized e-waste. 
Current recycling processes using physical separation methods 
(magnetic, pneumatic, electro-static, etc.) are efficient and 
clean. But, those methods require large facilities and case-by-
case adjustment of the processes. The authors think human 
vision will be the most flexible and reliable method to separate 
valuable parts and non-valuable parts. Usually the separation by 
human will cost too high. But, using so-called cloud power via 
internet, such labor cost can be avoided. 
The authors have proposed a basic concept of remote 
recycling based on remote operation via internet, in the 
previous paper [4].  As the first step of the concept, the paper 
evaluates the separation efficiency of roughly crushed particles 
of used mobile phone by hand-picking. If the percentages of 
This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/ censes/by-nc- d/4.0/).
Peer-review under responsibility of the International Scientifi c Committee of the 13th Global Conference on Sustainable Manufacturing
275 Jun Oki et al. /  Procedia CIRP  40 ( 2016 )  274 – 279 
 
metals can be enriched only by human vision, it can be a 
supporting fact of the feasibility of the concept. 
2. Why mobile phones? 
Small-sized e-waste contains considerable amount of rare 
earths and critical metals. Table 1 shows amount of valuable 
metals contained in various kinds of small-sized EEE 
(electrical and electronic equipment). And Table 2 shows how 
much of annual consumption of Japan can be covered by 
recycling of small-sized e-waste, plus relative importance of 
used mobile phones among all the products. The table shows 
used mobile phones are the most important target of metal 
recovery, since sometimes nearly half of the total material 
amounts are contained in mobile phones. Especially for 
Palladium, Tantalum Gold and Silver, material recovery from 
small-sized e-waste is important for Japanese industry and at 
the same time, used mobile phone is very important among all 
the small-sized e-waste. Although the amount occupies only 
several percent, having multi-sources of resources is 
strategically important to be economically competitive in the 
global resource market. Material recycling of small-sized e-
waste is important in the aspects of economy, environment and 
society.  
Table 1 Potential of metal recovery from small-sized e-waste (ton) [2] 
Product Pd Au Ag Cu 
Mobile phone 0.55 2.1 12.2 486 
Portable game player 0.05 0.4 1.3 265 
Non-portable game player 0.03 0.1 2.1 67 
Portable CD/MD player 0.01 0 0.1 9 
Digital audio player 0 0 0 0 
Digital camera 0.07 0.3 2.4 87 
Driving navigation system 0.09 0.1 1.4 109 
Video camera 0.21 0.1 2.2 49 
DVD player 0.09 0.4 5.4 507 
Others 0.08 2.5 24.9 2262 
 
Product Ta W Nd Dy 
Mobile phone 4.12 3.44 3.93 0.08 
Portable game player 0.94 0.14 0.73 0.02 
Non-portable game player 0.24 0.13 0.12 0.01 
Portable CD/MD player 0.18 0 0.01 0 
Digital audio player 0 0 - 0 
Digital camera 2.85 0.24 0.12 0.02 
Driving navigation system 0.99 0.14 0.28 0.07 
Video camera 2.19 0.15 0.21 0.02 
DVD player 2.51 0.47 0.44 0.11 
Others 3.20 1.31 0.08 0.14 
 
In addition, the cost-profit ratio is always a problem in material 
recycling. Cost-profit analysis of used mobile phones have 
been carried out in a previous survey [3]. The survey says, 
average material price which can be recovered from a mobile 
phone is about 110 Japanese Yen. On the other hand, recycling 
cost including labor cost for collection and disassembly will 
reach nearly 150 Yen. In the new recycling legislation for 
small-sized e-waste, since no recycling fee is collected from 
consumers, the social systems to recycle small-sized e-waste 
should be independently operated with affordable cost-profit 
balance. However, the survey shows that the cost exceeds the 
profit which can be recovered from the used product. It is said 
that most of the valuable metals in used mobile phones are 
contained in PCB (printed circuit board). So, the key issue is 
how to separate PCB efficiently from other parts in which 
plastics are dominant and not so valuable. Although manual 
disassembly is effective for high quality material recycling, 
manual disassembly of PCB is one of the biggest cost driver. 
Therefore, a countermeasure to reduce time and cost of manual 
disassembly process is strongly needed to establish an effective 
social system for small-sized e-waste recycling. 
3. Proposal on remote recycling 
Aforementioned survey shows that labor costs to recycle 
mobile phones should be drastically decreased, in order to 
establishing self-profitable recycling system. There are still 
discussions about recycling process of used mobile phones. 
Some recyclers are implementing manual disassembly and 
some are focusing on automatic separation after pulverization. 
Since reducing disassembly cost is one of the keys to improve 
cost-profit balance of mobile phone recycling. Thus, the idea 
of remote recycling is to replace manual disassembly by 
physical crushing and manual separation. In addition, manual 
separation process is carried out at locations where labor costs 
are relatively inexpensive. This will be effective in reducing the 
recycling cost. However, it is not welcomed to export used 
products which contain considerable critical metals and rare 
earths, in the aspect of Japanese resource securing policy. At 
the same time, outflow of “waste” is restricted by Basel 
Convention. Thus, in our former paper [5], we have proposed 
a remote recycling system utilizing remote operation 
technologies and named tele-inverse manufacturing. The 
feature of the model is that the operations for recycling are 
carried out via remote operation.  
Fig.1 illustrates the schematic view of the system located at 
local sites. In our previous paper, regarding PC recycling, it 
was estimated that average labor cost in developing country or 
area (e.g. China) will be about 30% of Japan. If this analogy 
can be also applied to mobile phone recycling, labor cost of 
mobile phone recycling can be reduced to about 44JPY. Of 
course, there will be some additional cost in implementing 
remote operation. But, at least, it suggests that the total 
recycling cost can be greatly reduced when the labor cost is an 
important cost factor. As for mobile phone recycling, another 
cost estimation has been shown by governmental agency. The 
result shows the total of the transportation cost and the labor 
cost in individual stores where used mobile phones are 
accepted and treated properly to erase personal information, 
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transfer data to new phone and some paper works. The total 
will be about 72 Yen per unit. Thus, reduced labor cost of 
mobile phone recycling by applying remote recycling (44JPY) 
plus other recycling cost (72JPY) will be almost same as the 
average material value (112JPY) shown in Table 3. This 
estimation roughly suggests that mobile phone recycling can be 
profitable by only implementing remote recycling at some 
locations where labor costs are inexpensive. 
 
Fig.1 Basic idea on remote recycling 
4. Material separation characteristics 
As the first step to know the technical feasibility of remote 
recycling, experiments to know the separation characteristics 
were carried out. In the experiment, PCB and metallic parts 
were disassembled manually (Fig2(a)), the battery and the 
LCD were dismantled at this time. Then, a transparent UV 
florescent liquid was painted on PCB and metal parts (Fig. 
2(b)). Disassembled parts were crushed by a rotary cutting mill 
into particles about 2-3mm, and PCB origin particles and other 
particles were mixed well. Operator tried to separate PCB-
origin particles and metal particles only by visual information. 
After the separation, UV light was used to know whether the 
operator could separate target particles successfully. Table 2 
shows the average of the separation experiments. “Separated” 
means particles that were recognized as metals, and “non-
separated” means the particles look like non-metal (plastics). 
Figure 2(c) and (d) shows separated and non-separated 
particles correspondingly. η in the table which indicates 
Newton efficiency [6] which is often used in evaluating 
separation efficiency of 2 groups of particles, can be calculated 
using Eq.(1) to (3). η reaches 0.87 while 0.8 is the usual 
threshold to estimate the separation is efficient enough. 
Table 2 Physical separation characteristics 
 
Non-
separated 
Non-
separ
ated 
total 
Separated 
Separ
ated 
total 
Total 
weig
ht 
Ʉ 
PCB 
or 
metal
? 
Yes No  Yes No    
Aver
age 
weig
ht (g) 
0.05 1.09 1.14 0.73 0.08 0.81 1.95 0.87 
 
η=γ_o+γ_u-1=γ_o-(1-γ_u )                                         (1) 
γ_o=(x_o·O)/(x_f·F)                                                    (2) 
γ_u=((1-x_o )·O)/((1-x_f )·F)                                       (3) 
Where, γ_o: ratio of selected target particles, γ_u: ratio of 
selected non-target particles, x_o: weight of selected target 
particles, x_f: total weight of selected particles, O: weight of 
selected particles, F: total weight 
 
 
(a) Manually disassembled 
 
(b) Painted 
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(c) Crushed and non-separated 
 
(d) Crushed and separated 
Fig.2 Steps of visual separation experiment 
It was indicated that it is possible to separate metal-rich 
particles from other particles only by visual information. This 
fact only means that visual separation is possible. Furthermore, 
the paper tried to show such separation is meaningful. If the 
compositions of valuable materials are higher in separated 
particles than PCB itself, it is possible to say visual separation 
of metal-rich particles is meaningful. And since the cost of 
rough crushing plus visual separation can be lower than manual 
disassembly, by utilizing remote operation, remote recycling 
can be said economically feasible. Table 3 indicated the 
material compositions measured by XRF (X-Ray Florescent) 
Analysis [7]. Fig.3 is a viewgraph based on Table 3. The other 
factor is whether we can eliminate non-variable materials from 
further recycling processes. Table 4 and Fig.4 indicate 
separation characteristics of major non-metal contents. 
Table 3 Material composition of separated and non-separated particles 
Materials Formula 
Separated 
particles 
(%) 
Dis-
assembled 
PCB (%) 
Mixed 
mobile 
phone 
particles 
(%) 
Titanium 
dioxide 
TiO2 0.087 0.552 1.714 
Chrome Cr 5.438 0.387 0.134 
Nickel Ni 5.999 1.758 0.77 
Copper Cu 12.431 17.873 7.659 
Aluminum 
oxide 
Al2O3 13.164 27.355 22.22 
Silver Ag 0.446 0.188 0.18 
Zinc Zn 0.882 0.668 0.391 
Tin Sn 0.365 2.33 1.892 
Di-iron trioxide Fe2O3 26.160 2.062 1.645 
Total 
percentage of 
metals (%) 
 72.846 53.640 50.151 
 
 
Fig.3 Comparison of the material composition 
Table 4 Material composition of non-metals 
Materials Formula 
Separated 
particles 
(%) 
Dis-
assembled 
PCB (%) 
Mixed 
mobile 
phone 
particles 
(%) 
Sulfur S 0.096 0.299 0.236 
Calcium oxide CaO 2.275 3.23 0.312 
Arsenic As 3.097 3.883 2.087 
Silicon oxide SiO2 9.829 28.833 10.65 
Total 
percentage of 
non-metals (%) 
 15.898 36.441 13.320 
0
5
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20
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30
Separated PCB Mixed
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Fig.4 Separation characteristics of non-metals 
5. Discussion 
According to Fig.3, these points can be found.  
x Concentrations of Cr, Ni and Fe2O3 in visually separated 
particles are much higher than crushed PCB and mixed 
particles of whole mobile phones. 
x Concentrations of Cu was clearly high in PCB and it was 
difficult to separate Cu-rich particles by vision. 
x Al2O3 is contained not only in PCB but also in other parts of 
mobile phones and it was difficult to separate by vision. 
x It seems that Cu and Al2O3 are contained in particles that the 
operator don’t recognize as metals. Different strategy will 
be necessary. 
x Sn is also contained not only in PCB but also in other parts 
of mobile phones. And it seems that Sn is contained in 
particles that the operator don’t recognize as metals. 
x Zn is contained mainly in PCB and it seems difficult to 
recognize Zn-rich particles. 
x Ag is contained both in PCB and other parts and it seems 
possible to separate by visual information. However, since 
the contained percentage is small, further measurements will 
be necessary. 
 
For non-metal materials, following points can be observed. 
x Non-valuable materials such as silicon and calcium are 
concentrated in eliminated particles. 
x Hazardous materials such as arsenic is also contained in 
PCB higher than in separated particles. 
As the results, Fe, Cr and Ni were recognizable by vision. It 
was assumed that these materials had metallic glosses and were 
easy to separate. On the other hand, Cu, Al and Sn were 
included in the particles that the operator didn’t recognize as 
metals. Not only the colour information, but also some 
knowledge in mobile phone design might be necessary. As for 
non-metal elements, the trend was opposite. Such materials 
were rather concentrated in PCB or non-separated particles 
than separated particles. Although the elimination is not 
enough only by visual separation only, the percentages of such 
materials are higher in non-separated particles. At least, the 
paper can say “it was possible to reduce percentages of non-
valuable and hazardous materials only by vision. In the 
beginning, the paper named Au, Ag, Pd and Ta as the important 
materials for recycling targets. Since about 37 million units of 
mobile phones reached end-of-life in 2011 [8], if we can collect 
all the use mobile phone, recovered value would be estimated 
as 4 billion JPY. According to the recent material prices, 
monetary values of these 4 materials occupy almost half of the 
total material value of used mobile phones, and value of Gold 
occupies about 85% among the 4 materials [9]. However, the 
amount of Gold is too small to detect by XRF analysis. Among 
the 4 important target, only Silver could be detected. Since this 
result is not enough to judge whether visual separation is 
efficient enough, more precise measurements of material 
composition are needed to know whether the material values of 
used mobile phones can be recovered by visual separation of 
crushed particles. 
6. Conclusions 
Because of the newly started recycling legislation for small-
sized e-waste, the paper explained that an economically 
feasible recycling system will be necessary. Since the new 
legislation does not require consumers to pay recycling fee, the 
cost issue can be more critical comparing to large and medium-
sized e-waste. The recycling system must be self-profitable. 
To reduce the recycling cost due to labor cost, the authors 
proposed a concept to implement remote recycling operations 
in the previous paper. The basic idea is to replace manual 
disassembly by rough crushing and manual separation from a 
remote site where labor cost is relatively inexpensive. In 
addition, this paper also proposed to utilize cloud labor power 
via internet. This idea might be possible to reduce recycling 
cost drastically. At the same time, the idea will be helpful to 
prevent outflow of e-waste to overseas and secure critical 
metals in domestic market.  
Since this paper only proposed the basic concept, it is 
necessary to prototype sorting system and try to operate the 
system remotely. As for the separation of valuable parts, 
different strategies to separate copper etc. will be necessary. In 
addition, since materials with small amount such as Gold 
sometimes occupies relatively large percentage of the total 
material value of a mobile phone, more precise measurement 
method must be carried out to know the economical feasibility 
of the concept. Although there will be  many problems to be 
solved, the authors concluded that the remote recycling is a 
promising way to operate a social system for material recycling 
of small-sized e-waste efficiently and profitably. 
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